Regional expression of Wingless/Int (Wnt) genes plays a central role in regulating intestinal development and homeostasis. However, our knowledge of such regional Wnt proteins in the colon remains limited. To understand further the effect of Wnt signaling components in controlling intestinal epithelial homeostasis, we investigated whether the physiological heterogeneity of the proximal and distal colon can be explained by differential Wnt signaling. With the use of a Wnt signaling-specific PCR array, expression of 84 Wnt-mediated signal transduction genes was analyzed, and a differential signature of Wnt-related genes in the proximal versus distal murine colon was identified. Several Wnt agonists (Wnt5a, Wnt8b, and Wnt11), the Wnt receptor frizzled family receptor 3, and the Wnt inhibitory factor 1 were differentially expressed along the colon length. These Wnt signatures were associated with differential epithelial cell proliferation and migration in the proximal versus distal colon. Furthermore, reduced Wnt/b-catenin activity and decreased Wnt5a and Wnt11 expression were observed in mice lacking commensal bacteria, an effect that was reversed by conventionalization of germ-free mice. Interestingly, myeloid differentiation primary response gene 88 knockout mice showed decreased Wnt5a levels, indicating a role for Toll-like receptor signaling in regulating Wnt5a expression. Our results suggest that the morphological and physiological heterogeneity within the colon is in part facilitated by the differential expression of Wnt signaling components and influenced by colonization with bacteria. (Am J Pathol 2014, 184: 592e599; http://dx.
One of the fundamental aspects in the development of the gastrointestinal tract is the spatiotemporal expression of signaling molecules that regulate cell fate and differentiation. Previous studies have highlighted a central role of the evolutionarily conserved Wingless/Int (Wnt) signaling pathways as key regulators of embryonic development and epithelial homeostasis in the gut. 1e3 In development, local expression patterns of Wnt signaling components play an important role in organogenesis. 4, 5 Wnt signals control important biological processes required for cell proliferation, differentiation, polarity, and movement, depending on the target cell and the cellular environment.
Recent reports have highlighted the importance of understanding the role of Wnt signaling in the intestinal tract. The intestinal epithelium is highly dynamic and, depending on the species and location, is actively turned over in <1
week. 6 Wnt/b-catenin signaling regulates intestinal epithelial cell (IEC) homeostasis and proliferation by increasing b-catenin stability in crypt epithelial cells, whereas IEC migration and differentiation are believed to be in part facilitated through noncanonical (Wnt) signaling pathways independent of b-catenin. 6, 7 The renewal of intestinal epithelia requires a delicate balance of signaling proteins to control epithelial cell proliferation and migration that in turn is vital for maintaining mucosal homeostasis. Interestingly, regional differences in Wnt gene expression in small versus large intestine are observed in adult mice, suggesting the importance of differential local Wnt expression in regulation of intestinal mucosal homeostasis. 7 Although the entire colon exhibits considerable morphological and physiological heterogeneity along its length, 8e11 the expression pattern of Wnt signaling components in the different regions of the adult colon remains poorly understood. Embryologically, the cecum, ascending colon, and the proximal two-thirds of the transverse colon are derived from the midgut, whereas the distal colon originates from the hindgut. Such distinct origins of the colonic segment support specific biological characteristics and suggest that distinct regulatory factors are likely to control epithelial homeostasis in the proximal versus distal colon. In addition, important contributing factors that influence Wnt/b-catenin signaling and intestinal epithelial proliferation might be microbial communities that localize in the intestine in distinct regions. 6, 12 Such a delicate physiological balance of Wnt signaling and intestinal epithelial homeostasis is further perturbed in mucosal inflammatory and neoplastic diseases, 3, 13 which also indicate regional differences in the proximal versus distal colonic segments. 14e17 In the present study, we investigate the regional heterogeneity of Wnt genes in the proximal versus distal colon. Given the importance of luminal microbiota in influencing intestinal epithelial homeostasis 18 and to determine whether the Wnt signatures are influenced by microflora colonization, we examined expression of Wnt proteins in the colonic segments of mice raised under germ-free (GF) conditions.
Materials and Methods

Animal Experiments
All procedures that used animals were reviewed and approved by the Emory University Institutional Animal Care and Use Committee and were performed according to the criteria outlined by the NIH. Animals are maintained on a 12-hour light/12-hour dark cycle under specific pathogen-free (SPF) conditions. The mice have ad libitum access to a standard diet and water until reaching the desired age (8 to 10 weeks) and/or weight (20 to 25 g).
Measurement of Crypt Length
Colon was dissected from C57BL/6 mice, rolled into Swiss rolls, and processed for H&E staining. Crypt length was determined by bottom-to-surface measurement of at least 50 correctly aligned crypts of three mice per group. Analysis and measurements were done with Aperio ImageScope version 11.1.2.760 (Vista, CA).
Assessment of IEC Migration in Vivo
In vivo labeling of migrating IECs was achieved by intraperitoneal injection of 100 mg of 5-ethynyl-2-deoxyuridine (EdU; Invitrogen; Carlsbad, CA) per mouse. Colon was harvested from mice and flushed with ice-cold PBS, cut longitudinally, formed into Swiss rolls, and fresh frozen in OCT and dry ice.
After freezing, the tissue blocks were sectioned into 8-mm sections for histological analysis. EdU incorporation was determined by using a Click-iT EdU Cell Proliferation Kit (Invitrogen), according to the supplier's instructions. IEC migration along the crypt luminal axis was assessed with an EdU pulse chase approach. Therefore, a labeling index distribution curve was established to accurately measure the cutoff position between proliferating and migrating cells. Thus, a flash label (2 hours) was used to designate a baseline position of crypt proliferating cells. A pulse chase was then performed to evaluate migration of epithelial cells in the crypt-luminal axis. We calculated the distance of migrated cells from the baseline at 4, 8, and 12 hours after the flash label.
Real-Time Quantitative PCR
RNA was extracted from Isol-RNAeembedded tissues by phenol-chloroform extraction with the use of standard protocols. Purification of RNA was then performed with the RNeasy Mini Kit (Qiagen, Germantown, MD). The Fermentas first-strand kit (Fermentas, Waltham, MA) was used for cDNA synthesis of 1 mg of total RNA. The cDNA was then diluted 1:10, and 2 mL of cDNA was used with primers and SYBR Green Master Mix (SA Biosciences, Frederick, MD) according to the manufacturer's instructions. The following primer sets were used: Axin2 (forward, 5 0 -GGGG-GAAAACACAGCTTACA-3 0 ; reverse, 5 0 -TTGACTGGG-TCGCTTCTCTT-3 0 ), wingless-type mouse mammary tumor virus (MMTV) integration site family member 5A (Wnt5a) (forward, 5 0 -GCAGGACTTTCTCAAGGACA-3 0 ; reverse, 5 0 -CCCTGCCAAAGACAGAAGTA-3 0 ), wingless-type MMTV integration site family member 8b (Wnt8b) (forward, 5 0 -GG-GTAAGAGGTAACCCCAGA-3 0 ; reverse, 5 0 -GCCAACCT-GCCTACTACAGA-3 0 ), wingless-type MMTV integration site family member 11 (Wnt11) (forward, 5 0 -ACAGAGCT-CCCCTGACTTCT-3 0 ; reverse, 5 0 -TGGTCTCACTTGCA-GACGTA-3 0 ), frizzled family receptor 3 (Fzd3) (forward, 5 0 -TCTTGCCAAAGCCATTAGAC-3 0 ; reverse, 5 0 -TCGAT-CACCATTTTGGACTT-3 0 ), and WNT inhibitory factor 1 (WIF1) (forward, 5 0 -CGGCAGACACTGCAATAAGA-3 0 ; reverse, 5 0 -GCATTTGAACATCCAACACG-3 0 ). Murine glyceraldehyde-3-phosphate dehydrogenase was used as an internal control in each reaction. The relative abundance of mRNA was determined by using the DDC T method. 19 
RT 2 Profiler PCR Array
The murine RT 2 Profiler PCR array specific for the Wnt signaling pathway (PAMM-243Z) was purchased from SA Biosciences and was used according to the manufacturer's instructions.
cDNA was synthesized from 1 mg of RNA by using the RT 2 First-Strand cDNA synthesis kit (SA Biosciences). Amplification was performed with iCycler (Bio-Rad, Hercules, CA) for 40 cycles, with each cycle consisting of a 15-second denaturation at 95.0 C followed by 1 minute of annealing at 60.0 C.
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Conventionalization of GF Mice
For experiments that used GF mice, wild-type (WT) C57BL/6 mice were born and raised in GF isolators (Gnotobiotic Rodent Resource Center at University of North Carolina, Chapel Hill). For tissue analysis GF mice were sacrificed in the GF facility according to protocol via carbon dioxide and cervical dislocation. Colon tissue was collected, then Swiss-rolled and fixed in formalin for paraffin embedding and H&E staining or collected for RNA isolation by using the method described (see Real-Time Quantitative PCR). A cohort of GF mice was transferred to the SPF facility (housed two to four mice per cage) for 4 weeks to allow the acquisition of conventional microbiota as described previously. 20 The colon tissue from these conventionalized mice was harvested in the animal facility as described for GF mice.
In Situ Hybridization
For analysis of Wnt gene expression frozen blocks of large intestinal Swiss rolls were sectioned at a thickness of 10 mm.
In brief tissue was fixed for 10 minutes with 4% paraformaldehyde, washed in PBS, and treated with proteinase K (10 mg/mL) for 10 minutes. After another washing and fixation step (10 minutes with 4% paraformaldehyde) tissue was incubated in acetic anhydride for 10 minutes before a 2-hour prehybridization step (prehybridization buffer: 50% formamide, 5Â standard saline citrate, pH 4.5, 50 mg/mL yeast tRNA, 1% SDS, and 50 mg/mL heparin). Sections were then incubated overnight in hybridization buffer [50% formamide, 5Â standard saline citrate, 5Â Denhardt's, 250 mg/mL Baker's yeast RNA (Sigma R6750; Sigma-Aldrich, St. Louis, MO), 500 ng/mL herring sperm] that contained the digoxigeninlabeled ribo-probes at a concentration of 500 ng/mL. Hybridization and washes after hybridization were performed at 60 C. After hybridization the sections were treated with RNase A, and the samples were then incubated with anti-digoxigenin alkaline phosphatase at 4 C overnight. Signals were detected with BM purple. After being fixed with 4% paraformaldehyde/ 0.1% glutaraldehyde, samples were cleared with a graded series of glycerol/PBS and stored in 80% glycerol/PBS at 4 C.
Statistical Analysis
Results are expressed as means AE SEM. Statistical comparisons were performed by Student's two-tailed t-tests.
A value of P < 0.05 was considered significant.
Results
Differential Expression of Wnt Genes and Epithelial Crypt Architecture in Proximal Versus Distal Colon
The proximal and distal colon exhibit considerable physiological differences. Measurement of colonic crypt length in the proximal and distal colon found a mean crypt length of 106.3 AE 1.78 mm in the proximal colon compared with 203.2 AE 2.63 mm in the distal colon (P < 0.0001) ( Figure 1A ). In addition, migration of IECs along the luminal crypt axis differs in the proximal versus distal colon. EdU pulse chase experiments found significantly increased IEC migration along the crypt-luminal axis in the proximal colon compared with the distal colon ( Figure 1B Recent studies have highlighted a role of the evolutionarily conserved Wnt signaling pathway as a key regulator of embryologic development and epithelial homeostasis in the gut. To determine whether the morphological and functional differences in the proximal versus distal colon were reflected by differences in gene expression of the Wnt signaling pathway components, expression of 84 Wnt signaling-related genes was analyzed in the proximal and distal colon of adult C57BL/6 mice with a real-time PCRebased Wnt Signaling Pathway array. Genes with differential expression were then ordered according to their role in Wnt signaling: as Wnt ligands, Wnt receptors, or Wnt-inhibitory and modulatory factors.
The gene array study found significantly increased expression of Wnt5a (difference, 3.74-fold; P < 0.0001) and Wnt11 (difference, 3.89-fold; P < 0.01) in the proximal colon compared with the distal colon. On the converse, Wnt8b expression was significantly higher in the distal colon compared with the proximal colon (difference, 5.15fold; P < 0.01) ( Figure 1C ).
Analysis of Wnt receptors found increased expression of Fzd3 (difference, 8.52-fold; P < 0.001) in the proximal colon versus the distal colon. All other analyzed receptors (Fzd1, Fzd2, Fzd4, Fzd5, Fzd6, Fzd7, Fzd8) did not show notable gene expression differences in the two colonic segments ( Figure 1D ).
Wnt signaling is negatively controlled by proteins that inhibit this signaling pathway at different levels. Analysis of these regulatory genes found a significantly higher expression of WIF1 in the proximal colon compared with the distal colon (difference, 5.43-fold; P < 0.0001) ( Figure 1E ). In addition, study of the Wnt target genes Axin2 and Cyclin D1 (Ccnd1) found increased expression in the proximal versus distal colon (difference: Axin2, 2.33-fold; Ccnd1, 3.5-fold), supporting increased Wnt activity in this region of the gut (Figure 1, F and G) . The results of the array were confirmed with real-time quantitative PCR (qPCR; Figure 1H ).
Wnt5a has been reported to be expressed by mesenchymal cells in the lamina propria. 21 To detect expression of Wnt8b and Wnt11 mRNA in the intestinal mucosa we performed in situ hybridization. We observed that canonical Wnt8b is expressed by IECs with increased expression in the base of crypts in the distal colon (Supplemental Figure S1A ). In contrast, noncanonical Wnt11 was expressed by surface/luminal epithelial cells of the proximal colon (Supplemental Figure S1B ). These findings are in keeping with results reported by Ouko et al. 22 Taken together Wnt ligands Wnt8b and Wnt11 indicate distinct gradients in the crypt-luminal axis as well as differential expression in the proximal versus distal colonic mucosa.
Wnt Gene Expression in the Colon of Mice Raised in GF Conditions
Because luminal microbiota of the colon are known to interact and influence intestinal epithelial homeostasis, 23 we next investigated whether the heterogeneity of the proximal versus the distal colon could in part be explained by bacterial colonization. The morphological differences in terms of colonic crypt length and shape observed in SPF mice can also be found in mice raised in GF conditions with a mean crypt length of 79.08 AE 1.72 mm in the proximal colon and 152.10 AE 2.57 mm in the distal colon (Figure 2A ). In addition the Wnt gene expression pattern in GF mice resembled the expression profile observed in SPF mice. Thus, increased expression of Wnt5a (difference, 4.65-fold), Wnt11 (difference, 2.82-fold), Fzd3 (difference, 49.51fold), and WIF1 (difference, 12.17-fold) in the proximal versus distal colon of GF mice was observed ( Figure 2B ). Conversely, as in the SPF mice, expression of Wnt8b was higher in the distal colon than in the proximal colon (difference, 16.95-fold).
Comparison of Wnt Expression Levels in GF Mice versus SPF Mice Shows Decreased Gene Expression of Wnt11 and Wnt5a in GF Mice
Mice raised in GF conditions showed decreased length of colonic crypts along the length of the colon ( Figure 3A ). In addition, decreased Axin2 expression was observed, suggesting reduced b-catenin activity in GF mice compared with SPF mice ( Figure 3B ). Although the expression pattern of the analyzed Wnt genes was comparable in GF and SPF mice, distinct differences in expression levels in GF mice were observed. Direct quantitative comparison with the use of qPCR found differences of Wnt gene expression with decreased mRNA levels of Wnt5a (À6.41-fold) and Wnt11 (À4.18-fold) in GF mice versus SPF mice. To analyze the effect of colonization with commensal bacteria, GF mice were conventionalized for 4 weeks before Wnt gene expression was analyzed. Conventionalization resulted in a significant increase in Wnt5a (difference, 4.4-fold) and Wnt11 (difference, 2.36-fold) expression levels ( Figure 3C ).
Bacterial epithelial crosstalk in the intestine is mediated by different receptors and signaling pathways. Toll-like receptors have been described to play a major role in mediating the interaction of the intestinal microbiome and the intestinal mucosa. 24 Specifically, the myeloid differentiation primary response gene 88 (MYD88) has been linked to Tolllike receptorerelated signal transduction. 25 Therefore, Wnt gene expression was analyzed in Myd88 knockout (KO) mice and compared with WT controls. Here, reduced expression of Wnt5a but not Wnt11 was observed, indicating the differential importance of this pathway in regulating Wnt5a expression levels ( Figure 3D ). Taken together these data showed distinct differences in Wnt gene expression, specifically of the Wnt ligands Wnt5a and Wnt11. Furthermore, we report that Wnt5a expression but not Wnt11 expression depended on MYD88-mediated signaling during intestinal homeostasis.
To evaluate IEC migration after KO of Myd88, EdU pulse chase experiments were performed in Myd88 KO mice. As shown in Figure 3E , in Myd88 KO mice EdU-positive cells were detected at higher positions in crypt-luminal axis in the baseline state (2-hour flash label) compared with WT mice. This observation is consistent with the original report of proliferation in Myd88 KO mice. 26 However, migration of epithelial cells from the baseline toward the luminal surface is decreased in Myd88 KO mice ( Figure 3F ). At the 4-hour 
Discussion
The Wnt signaling pathway is a critical mediator of intestinal epithelial and mucosal homeostasis. Although it is well established that canonical Wnt/b-catenin signaling promotes proliferation of intestinal stem cells in the stem cell niche, knowledge about regional patterns of Wnt signaling activity and its components is limited. 2 In this report we demonstrate a distinct profile of Wnt target gene expression in the proximal versus distal colon of mice.
Our findings indicate increased expression of Wnt/Wnt target genes that correspond with increased canonical Wnt/ b-catenin activity (Axin2, Ccnd1) in the proximal colon compared with the distal colon. Furthermore, we observed increased mRNA expression of the noncanonical Wnt ligands Wnt5a and Wnt11 in the proximal colon compared with the distal colon. All together our results suggest that the elevated activity of canonical Wnt/b-catenin signaling in the proximal colon is accompanied by increased expression of noncanonical signaling mediators and by increased cell migration along the crypt-luminal axis in the proximal compared with the distal colonic crypts. The heterogeneity of the proximal and distal colon might, therefore, be partly connected to regional differences in Wnt gene expression and Wnt/b-catenin activity. This is particularly interesting, because specific distribution of tumors is observed in patients with colon cancer, including hereditary nonpolyposis colorectal cancer. Adenocarcinomas in the proximal colon have a higher likelihood of microsatellite instability and are associated with older age and poorer differentiation compared with tumors localized in the distal colon. Sporadic cancers independent of family history are more frequently seen in the distal colon. 27, 28 At this point we can only speculate whether this might be pathophysiologically connected to increased cell turnover and different Wnt gene expression as reported in this study. However, there appears to be a relationship between physiological epithelial homeostatic events and dysregulation of the respective pathways in development of diseases. Specifically, mucosal inflammation and ulceration as seen in inflammatory bowel disease has been associated with altered Wnt gene expression. 13 Thus, distinct regional expression of Wnt signaling proteins could attribute to differences in pathological involvement of the colon in these diseases. Future studies that address these questions will be of value in further understanding of the molecular mechanisms associated with inflammation-associated cancer such as observed in inflammatory bowel disease.
The bacterial ecosystem in the mammalian gut consists of a high number of microorganisms that reside in homeostasis with the host's immune system. The effect of commensal microbiota on the host's biology ranges from morphological integrity of the IECs to metabolic, absorptive, and endocrine functions. 29, 30 Comparative gene expression studies of GF and SPF mice have shown direct host responses to commensal bacteria that induce changes at a molecular level. 31e34 Sun et al 35 have investigated the effect of the nonpathogenic Salmonella strain PhoP(c) on IECs and reported that this crosstalk enhances b-catenin signaling through blocking b-catenin degradation. In addition, Cheesman et al 18 have shown that in zebrafish the stability of b-catenin in IECs can be enhanced by resident intestinal bacteria that thereby induce cell proliferation of the IECs. Concordant with the previous reports, we saw significantly higher Wnt/b-catenin activity in SPF mice than in GF mice. Microbiota have also been associated with development of intestinal disease such as inflammatory bowel disease, inflammatory bowel diseasee associated carcinoma, and hereditary colon carcinoma. 36 However, little is known about the effect of commensal bacteria on upstream effectors of b-catenin signaling. Here, we report differential expression of Wnt signaling components in GF mice compared with colonized animals. With the use of comparative qPCR, we found that the colon of mice raised in GF conditions exhibits decreased expression levels of the ligands Wnt5a and Wnt11 compared with SFP mice. Conventionalization of GF mice with commensal bacteria for 4 weeks is sufficient to notably increase gene expression levels of Wnt5a and Wnt11. In this context Wnt5a could function as an important regulator of molecular responses to bacterial epithelial crosstalk. Secretion of Wnt5a has been reported to alter production of cytokines such as IL-10 and IL-6 by dendritic cells and therefore play a role in regulation of the balance between tolerance and inflammation. 37 By contrast, Wnt5a has been described to be of central importance in mediating mucosal wound repair in the intestine. 21 Therefore, Wnt5a not only plays a role during morphogenesis and embryonic intestinal development 4 but might also contribute to the regulation of homeostasis in the adult intestine. However, it has to be pointed out that intestinal homeostasis is a complex process with a variety of factors that influence this process. These factors include an influence of luminal bacteria and bacterial products that modulate intestinal epithelial homeostasis. Interestingly, compared with WT controls, Myd88 KO mice showed decreased mRNA expression of the Wnt ligand Wnt5a but not Wnt11. The mechanisms that might be involved in regulating Wnt11 expression still need further investigation. Thus, molecular pathways that lead to induction of Wnt ligands in the intestinal mucosa are not yet well established, and different signal mediators, such as transforming growth factor-b, have been associated with the induction of Wnt11 expression. 38 Interestingly, the proximal promoter region of Wnt11 contains Tcf/ LEF binding sites, suggesting that Wnt/b-catenin signals may increase expression of Wnt11. 39 Here, we report reduced expression of Wnt11 and Wnt/b-catenin activity in GF mice compared with SPF mice. At this point, we can only speculate whether this is a causative or associated mechanism, and future investigations are needed to further understand these mechanisms.
Taken together our results indicate distinct regional expression patterns of the Wnt signaling pathway in the proximal versus distal colon. Furthermore, our studies suggest that the commensal bacteria in the intestine influence Wnt signaling pathways that in turn contribute to the regional differences in intestinal epithelial homeostasis. ajp.amjpathol.org -The American Journal of Pathology
